ABSTRACT: Degradation of trichloroethylene (TCE) in simulated groundwater by Pd and electro-generated H 2 and O 2 is investigated in the absence and presence of Fe(II). In the absence of Fe(II), hydrodechlorination dominates TCE degradation, with accumulation of H 2 O 2 up to 17 mg/L. Under weak acidity, low concentrations of oxidizing •OH radicals are detected due to decomposition of H 2 O 2 , slightly contributing to TCE degradation via oxidation. In the presence of Fe(II), the degradation efficiency of TCE at 396 μM improves to 94.9% within 80 min. The product distribution proves that the degradation pathway shifts from 79% hydrodechlorination in the absence of Fe(II) to 84% •OH oxidation in the presence of Fe(II). TCE degradation follows zeroth-order kinetics with rate constants increasing from 2.0 to 4.6 μM/min with increasing initial Fe(II) concentration from 0 to 27.3 mg/L at pH 4. A good correlation between TCE degradation rate constants and •OH generation rate constants confirms that •OH is the predominant reactive species for TCE oxidation. Presence of 10 mM Na 2 SO 4 , NaCl, NaNO 3 , NaHCO 3 , K 2 SO 4 , CaSO 4 , and MgSO 4 does not significantly influence degradation, but sulfite and sulfide greatly enhance and slightly suppress degradation, respectively. A novel Pd-based electrochemical process is proposed for groundwater remediation.
■ INTRODUCTION
Trichloroethylene (TCE) is a pollutant commonly found in soil and groundwater at contaminated sites in the United States. Processes proposed for remediation of TCE in groundwater include phase-transfer, 1 in situ chemical oxidation (ISCO), 2 reduction using zerovalent iron or other Fe-based materials, 3, 4 electrochemical methods, 5, 6 and bioremediation. 7 In recent years, there has been an increasing interest in electrochemical methods for treating groundwater contaminated with TCE and other chlorinated solvents. 5,6,8−13 Direct oxidation or reduction of contaminants at the anode or cathode requires suitable electrocatalytic electrode materials, which usually work at high overpotential conditions to obtain vigorous redox conditions for aqueous contaminant degradation. Although costly electrodes, i.e., boron dope diamond (BDD) 5, 9 and Pd-based materials, 13 can reach high degradation efficiency, it is difficult to balance between electrode cost and efficiency. Indirect electrochemical processes provide an alternative to reduce the dependence on costly electrode materials. The function of electrodes is to sustain water electrolysis for the production of H 2 and OH − at the cathode (1) along with O 2 and H + at the anode (2) . These products are utilized for chemical or biological degradation of contaminants. For example, O 2 produced at the anode can be supplied for aerobic processes, 12, 14, 15 and H 2 produced at the cathode can be delivered for anaerobic degradation, 12, 15, 16 or for Pd-catalytic hydrodechlorination of contaminants in groundwater. 17 The OH − produced at the cathode could be utilized for contaminant hydrolysis. 18 Pd can quickly hydrodechlorinate chlorinated solvents using H 2 .
19−23 Cathodic production of H 2 is also explored for Pdcatalytic hydrodechlorination of TCE in groundwater 17 and the proposed transformation pathway is hydrodechlorination of TCE to ethene, followed by hydrogenation to ethane (3). 17, 19, 20 Although the presence and formation of high concentrations of dissolved O 2 may suppress TCE hydrodechlorination because it is assumed to consume H 2 with production of H 2 O (4), it does not appear to alter the degradation pathway. 
The generation of H 2 O 2 from H 2 and O 2 in the presence of Pd catalyst (5) 24,25 has never been recognized in the aforementioned investigations. H 2 O 2 has the potential to oxidize TCE in groundwater and Pd can catalyze the decomposition of H 2 O 2 to a strong oxidizing •OH radical (6) (oxidation potential: 2.8 V/SHE), 25, 26 which may further oxidize TCE (7). 5, 27 Recent work highlights the efficient degradation of a recalcitrant organic pollutant by the Pd-containing electrolytic system under weak acidic conditions. 26 The presence of •OH was identified by electron spin resonance (ESR) assay. 26 However, the contribution of H 2 O 2 and •OH oxidation has never been explored for TCE degradation using Pd and H 2 in the presence of O 2 .
Furthermore, Fe(II) is a common species in aquifers with concentration levels on the order of mg/L. 28 Presence of Fe(II) is expected to impact the pathways of TCE degradation. Fe(II) can efficiently catalyze the generation of •OH from H 2 O 2 through Fenton reaction 8. 29 In this case, the homogeneous oxidation by •OH in aqueous phase (7) will compete with the heterogeneous hydrodechlorination by atomic [H] on the Pd surface (3) for TCE degradation. It has been noted that contaminant degradation by the Pd-containing electrolytic system can be enhanced by the addition of Fe(II) due to the increase in •OH accumulation. 26 With respect to TCE, both reduction and oxidation may happen depending on the relative rate of oxidation and reduction. As a consequence, it is important to reveal the pathways for TCE degradation in the Pd-containing electrolytic system in the presence of Fe(II).
In this study, the pathways of TCE degradation in an undivided Pd-containing electrolytic system are compared in the absence and presence of Fe(II) under weak acidic conditions. Pd/Al 2 O 3 is used as a catalyst for both atomic [H] 2 , and CO in nitrogen, Supelco), dimethyl sulfoxide (DMSO, 99.9%, Acros), formic acid (88% in water, Acros Organics) and 2,4-dinitrophenylhydrazine (98.0%, Tokyo Chemical Industry Co., Ltd.). Excess TCE was dissolved into 18.2 mΩ·cm high-purity water to form a TCE saturated solution (1.07 mg/mL at 20°C), which was used as stock solution for preparing aqueous TCE solutions. Palladium on alumina powder (1% wt. Pd, Sigma-Aldrich) with average particle size of 6 μm was used as catalyst. Deionized water (18.0 mΩ·cm) obtained from a Millipore Milli-Q system was used in all the experiments. All chemicals used in this study were above analytical grade.
Degradation of TCE. An undivided acrylic electrolytic cell as shown in Figure S1 in the Supporting Information (SI) was used for TCE degradation at ambient temperature (25 ± 1°C). A 150-mL syringe with plunger was connected to the cell, allowing gas expansion during electrolysis. The quantitative collection of gas in the syringe was confirmed by the electrolysis of 10 mM Na 2 SO 4 solution. For analyses of the degradation profile, the reactor was purged with N 2 for a few minutes to remove CO 2 before the addition of electrolyte. One mM Na 2 SO 4 and 0.5 mM CaSO 4 were added to simulate groundwater chemistry. The initial concentration of TCE was doubled (396 μM) by adding 20 mL of TCE saturated water. All experiments were carried out in duplicate.
Chemical Analysis. TCE and cis-DCE were measured by a 1200 Infinity Series HPLC (Agilent) equipped with an 1260 DAD detector and an Agilent Poroshell 120 EC-C18 column (4.6 × 50 mm). The mobile phase was a mixture of acetonitrile and water (60:40, v/v) at 1 mL/min. The detection wavelength was 210 nm. Ethene and ethane in the headspace were detected by model 310 GC (SRI, USA) with flame ionization detector and Haysep-T column. One hundred μL of headspace gas was sampled and injected from an on-column port. The temperature program included heating the column from 40 to 140°C at a rate of 15°C/min, holding the temperature at 140°C for 1 min, and then cooling to 40°C at a rate of 20°C/min. The detection limits for TCE, cis-DCE, and ethane were 0.1, 0.2, and 0.01 mg/L, respectively. CO 2 was absorbed in NaOH solution and measured for inorganic carbon by TOC analyzer. Chloride and carboxylic acidic intermediates were analyzed by a Dionex DX-5500 ion chromatograph. The •OH levels were determined with DMSO trapping and HPLC according to the literature. 30 The details for CO 2 and •OH analysis are provided in Sections S1 and S2, respectively, in the Supporting Information. Gas concentrations of TCE and cis-DCE along with the aqueous concentrations of ethane and CO 2 were calculated by Henry's law, and the sum of aqueous and gas concentrations was derived. H 2 O 2 was measured at 405 nm by a spectrometer (Spectronic 20D+, Caley & Whitmore Corp.) after coloration with TiSO 4 . 31 The ferrous ion content was determined at 510 nm using the 1,10-o-phenanthroline analytical method. 32 Data Analysis. The commonly used pseudo-first-order reaction kinetics model results in small correlation coefficients (R 2 ) when modeling TCE transformation. A pseudo-zerothorder reaction kinetics (9) is more accurate and is used to fit TCE decay in time. The model is given by
where t is the reaction time (min), k 0 is the rate constant (μM/min), and C 0 and C t are the concentrations (μM) at times of t = 0 and t = t, respectively. The production of Cl − and •OH also followed pseudo-zeroth-order reaction kinetics (10) given by,
Faradic current efficiency (CE, eq 11) is used to evaluate the efficiency of electric energy consumption. It is assumed that the hydrodechlorination and oxidation of TCE require 8 and 6 electrons, respectively, for production of ethane and CO 2 . The current efficiency is given by
where z is the number of electron transfer, F is Faradic constant (96485), I is current (A), 0.41 is the groundwater volume (L), and 0.001 denotes the transformation of concentration unit.
■ RESULTS AND DISCUSSION
Degradation of TCE in the Absence and Presence of Fe(II). Figure 1 illustrates the degradation profiles of TCE in simulated groundwater in the absence and presence of Fe(II). Initial pH and Fe(II) concentration were set at 4 and 13.7 mg/L, respectively. Under identical conditions but without application of electricity, the addition of 1 g/L Pd/Al 2 O 3 did not cause any significant removal of TCE ( Figure S2 ). Similarly, there was no significant removal by direct degradation on the MMO electrode. In presence of Pd/Al 2 O 3 and absence of Fe(II) (Figure 1a) , TCE concentration decreased from 396 to 160 μM within 80 min with production of ethane and small fractions of cis-DCE and CO 2 . The high recoveries of carbon (>0.87) and Cl (>1.00) suggest that most degradation products are recovered. The production of ethane implies a dominant hydrodechlorination process, whereas the production of small fraction of CO 2 implies the minor contribution of oxidation to TCE degradation.
Presence of Fe(II) in the simulated groundwater greatly enhanced TCE degradation (Figure 1b ) to 20.2 μM concentration after 80 min. The major products were CO 2 , followed by oxalic acid, ethane, acetic acid, and cis-DCE, which all account for more than 80% of total carbon. This suggests that oxidation rather than hydrodechlorination is the main mechanism for TCE degradation in the presence of Fe(II). Other products reported in the literature for TCE oxidation such as dichloroacetic acid, glyoxylic acid, formic acid, and ClO 3 − were not detected. 5, 33 The decay of TCE follows pseudo-zeroth-order reaction kinetics, suggesting that the rates become increasingly limited by the availability of reactive species, i.e., •OH, with increasing reactant concentrations. 9 The rate constant for TCE decay increases from 3.1 μM/min in the absence of Fe(II) to 4.9 μM/min in the presence of Fe(II) ( Table 1 ). This indicates that the oxidation pathway in the presence of Fe(II) is more effective than the hydrodechlorination pathway in the absence of Fe(II). In addition, the current efficiency for TCE degradation increased from around 15% to around 20% ( Figure S3a ) in the presence of Fe(II). Because relatively small concentrations of Fe(II) are used, the variation of cell voltage by the addition of Fe(II) is negligible. Therefore, improvement in energy utilization is achieved in the presence of Fe(II).
During the process, the aqueous pH in the absence and presence of Fe(II) decreased gradually from 4.00 to 3.10−3.20 ( Figure S3b ) due to production of HCl. However, the ORP in the absence of Fe(II) was significantly higher than that in the presence of Fe(II) (Figure S3a ), which is attributable to the role of Fe(II) in one case and accumulation of higher concentrations of H 2 O 2 in the other case ( Figure S3c ). The production of H 2 O 2 and its decomposition into •OH on Pd surface (6) 22,23 may be the reason for generation of a small fraction of CO 2 in the absence of Fe(II). However, the oxidation of TCE by H 2 O 2 does not appear to be competitive in the absence of Fe(II) since hydrodechlorination dominated the degradation pathway. This is consistent with literature that reported an unchanged degradation pathway in the presence of dissolved O 2 , 17,19 although the production of H 2 O 2 was not considered. Figure S3c ) promptly decreased to below 1 mg/L regardless of the gradual decrease in solution pH. The zeroth-order kinetics imply that dissolved Fe(II) at such a low concentration is capable of generating a constant concentration of reactive species for TCE oxidation. This highlights the importance of Fe(II) in groundwater for the Pd-based degradation of TCE.
Although the shift in degradation pathway from hydrodechlorination to oxidation in a Pd-based process has not been reported before, researchers in recent years reported the oxidizing ability of a reducing system, i.e., Fe-based process, in the presence of O 2 . For example, the combination of zerovalent iron and dissolved O 2 has been recognized as an efficient oxidation technology, 35, 36 and contaminant oxidation instead of reduction was also identified as the dominant pathway in natural pyrite suspension in the presence of O 2 .
33
Effect of Fe(II) Concentration on TCE Degradation and •OH Generation. Increasing Fe(II) concentration in the electrolyte improves the rate of TCE decay (Figure 2a) . Zeroth-order decay rate constants increase from 2.0 to 4.6 μM/min when the initial Fe(II) concentration is increased from 0 to 27.3 mg/L ( Table 1 ). Note that the lower rate for TCE decay in the absence of Fe(II) (compared to that in Figure 1a ) is due to the use of different initial TCE concentrations and background electrolytes. The accumulated H 2 O 2 concentrations decrease with the increase in Fe(II) concentrations (Figure 2b ), which is in agreement with enhanced H 2 O 2 decomposition. Figure 2c shows that the accumulated •OH concentrations also follow zeroth-order kinetics, and the rate increases with the increase in Fe(II) concentrations. The low concentrations of •OH measured in the absence of Fe(II) support the data showing production of CO 2 in the absence of Fe(II). The strong dependence of TCE decay and •OH generation on Fe(II) concentration is supported by their good correlation at initial Fe(II) concentrations of 0−13.7 mg/L (Figure 2d ). In this electrolytic system, the concentrations of H 2 O 2 produced were identical at any Fe(II) concentration. However, the actual concentration of Fe(II) became much lower than its initial concentration ( Figure S3c) , and the regeneration of Fe(II) from Fe(III) is much slower compared with the consumption. 29, 34 As the molar ratio of Fe(II) to H 2 O 2 is less than the optimal values of about 1.0, 29, 37 the Fe(II)-dependent TCE decay and •OH generation occurs.
Moreover, a good correlation between TCE decay rate constants and •OH generation rate constants is obtained with a slope of 0.85 (the inset in Figure 2d ), proving that •OH is the Figure S4a . Likewise, zeroth-order rate constants for both TCE decay and •OH generation correlate well with initial pH values ( Figure S4b) . The pH-dependent contaminant degradation is the typical characteristic of Fenton-based oxidation, 26,33−35 whereas the decrease in TCE hydrodechlorination is reported with a drop in pH. 20 The correlation between TCE decay rate constants and •OH generation rate constants (the inset in Figure S4b ) verify the predominant contribution of •OH to TCE degradation. The slope of the correlation reflects the sensitivity of TCE degradation to these parameters. The slope at different pHs is less than that obtained at different Fe(II) concentrations (0.67 versus 0.85), which indicates that pH plays a less important role than Fe(II) concentration for TCE degradation.
TCE degradation is also dependent on Pd/Al 2 O 3 dose (Figure 3b ). The plot of TCE decay rate constants versus Pd/ Al 2 O 3 dosage reveals good correlation at dosage higher than 0.2 g/L ( Figure S5 ). The increase in Pd/Al 2 O 3 dosage can facilitate the chemisorption of H 2 and the formation of atomic [H] . 3 Meanwhile, the chemisorption of O 2 is also enhanced. 26, 38 With the increase in Pd/Al 2 O 3 dosage, more H 2 O 2 is produced by the combination of the activated O 2 and [H]. As a result, more •OH is generated in the presence of Fe(II). Although the increase in Pd/Al 2 O 3 dose may also enhance the hydrodechlorination process, 3 its contribution is minimal as minute degradation was achieved at 1 g/L Pd/Al 2 O 3 in the absence of Fe(II) (Figure 2a) . Influence of Groundwater Chemistry on TCE Degradation. The results clearly suggest that oxidation by •OH in the presence of Fe(II) in an electrolytic system is more effective for TCE degradation compared with the hydrodechlorination by Pd•[H] in the absence of Fe(II). This provides a very powerful Pd-based oxidation rather than reduction for TCE remediation. To further assess the process, the influence of groundwater chemistry on TCE degradation was tested. , at 10 mM do not cause any significant influence on the degradation. This is similar to reported results for chemisorption of H 2 3,20 and contaminant oxidation by •OH. 39 The inhibitory effect of Cl − on •OH-induced oxidation 40 occurs in the presence of high concentration (20 mM).
It is well established that sulfur at reduced state, i.e., SO 3 2− and S 2− , dramatically deactivate Pd under anaerobic conditions, 20, 41 which is detrimental for application of Pd-catalytic hydrodechlorination in groundwater remediation. In this study, the presence of 1 mM SO 3 2− (112 mg/L) significantly enhances TCE degradation, and the presence of 31.3 μM S 2− (1 mg/L) results in a slight suppression (Figure 4a ). In this electrolytic system, in situ generated H 2 O 2 , •OH, and O 2 in aqueous solution as well as MMO anode may oxidize SO 3 2− and S 2− and prevent the deactivation of Pd. 42, 43 It is reported that the coexistence of MnO 4 − can oxidize reduced sulfur compounds preventing the poisoning of Pd for contaminant hydrodechlorination. 41 The enhanced degradation in the presence of SO 3 2− is expected to be due to the presence of reactive oxygen species (O 2 , H 2 O 2 , •OH, etc). It is also likely for the production of SO 3 •− and SO 4 •− anionic radicals by the oxidation of sulfite in this Pd-containing electrolytic system, 44 thereby enhancing TCE oxidation. The underlying mechanism for the enhancement will be explored in our future work.
Kinetics Analysis.
•OH is identified as the reactive species responsible for TCE degradation in the presence of Fe(II). Under testing conditions, a linear increase in cumulative •OH concentration is measured (Figures 2 and S4) , indicating a constant rate of •OH generation. Due to the extremely short lifespan of •OH in water (a few nanoseconds), 34 a very low steady-state concentration of •OH in solution can be inferred. TCE oxidation by •OH is a homogeneous quick reaction ((3.3−4.3) × 10 9 mol −1 s −1 45 ), and the diffusion process is fast when the solution is being stirred. As a consequence, the generated •OH is immediately consumed by TCE, leading to apparent zeroth-order degradation kinetics. When •OH oxidation is not the dominant pathway, i.e., in presence of very low concentration of Fe(II), low dosage of Pd/Al 2 O 3 , or at high pH, a deviation from zeroth-order kinetics is observed, as indicated by the decrease in the correlation coefficient (R 2 in Table 1 38, 46 In the electrolytic system, the molar ratio of H 2 and O 2 produced at the cathode (2) and anode (1), respectively, is 2:1, whereas the aqueous solubility of H 2 (0.81 mM) is higher than half of that of O 2 (1.25 mM). Therefore, chemisorption of O 2 on Pd surface is also a ratelimiting step for TCE degradation.
Degradation Mechanism in the Absence and Presence of Fe(II). The mechanisms of TCE degradation in the absence and presence of Fe(II) are summarized in Scheme 1.
H 2 produced at the cathode (2) 17, 19 However, the slight contribution of oxidation induced by •OH was never reported and is noted for the first time in this study.
⎯→ ⎯
On the other hand, when Fe(II) is present in the solution, the generation of •OH in aqueous solution is dramatically enhanced through the combination of Fe(II) and H 2 O 2 (8) . Further, as the generated •OH is present in aqueous solution, mass transfer poses a much less pronounced effect for TCE oxidation compared with hydrodechlorination on Pd surface. Both lead to a more competitive oxidation than hydrodechlorination for TCE degradation. As a consequence, the dominant pathway for TCE degradation shifts from heterogeneous hydrodechlorination on Pd surface in the absence of Fe(II) to homogeneous oxidation in aqueous solution in the presence of Fe(II). The oxidation of TCE by •OH leads to the production of organic acids, and finally CO 2 .
Implications. This study reveals the production of H 2 O 2 in the presence of O 2 using Pd-based catalyst and H 2 . The generation of low concentrations of •OH slightly contributes to TCE oxidation under weak acidic conditions. In particular, when Fe(II) is present, H 2 O 2 efficiently decomposes to •OH resulting in a shift in dominant pathway from heterogeneous hydrodechlorination to homogeneous oxidation. This shift is most pronounced at high Fe(II) concentrations and low pH values. These findings may contribute to understanding the nature for chlorinated solvent degradation by Pd-catalytic hydrodechlorination in the presence of O 2 , especially when Fe(II) at a level of ppm is present.
In the Pd-containing electrolytic system, oxidation of TCE in the presence Fe(II) is proved to be significantly more efficient than hydrodechlorination in the absence Fe(II) under weak acidic conditions. Moreover, complete dechlorination is achieved with production of nontoxic organic acids and CO 2 . A comparison with Fenton remediation by H 2 O 2 addition suggests that the proposed process is more advantageous in both TCE degradation and Fe(II) regeneration ( Figure S6 ). As a result, a novel Pd-based oxidation process using electrogenerated H 2 and O 2 is proposed, although further evaluation and assessment is required prior to any field evaluation. Figure S7 depicts a conceptual model for remediation, wherein the desired low pH condition is achieved automatically by a modified three-electrode system. 26 When contaminated groundwater flows through the anode and Cathode 1 installed in a single well, it will be saturated with electro-generated O 2 
